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association of current FT4 levels with lifetime MD in either ethnic group. We conclude that genetic 
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Abstract
Major depression (MD) is often associated with disturbances of the hypothalamic/pituitary/thyroid
(HPT) axis. Unfortunately, whether this association is secondary to common underlying genetic
variation or whether the MD-associated disturbances in HPT function are chronic or state-
dependent is unknown. To examine these questions, we genotyped 12 single nucleotide
polymorphisms identified in previous genome wide association analyses of thyroid function in
DNA contributed by 1555 subjects from three longitudinal ethnically diverse studies that are well-
characterized for lifetime major depression and thyroid function. We then examined associations
between genetic variants and key outcomes of thyroid stimulating hormone (TSH), free thyroxine
(FT4) and depression. We confirmed prior findings that two variants in deiodinase 1 (DIO1),
including a variant in the 3’ UTR of DIO1 (rs11206244), were associated with altered free
thyroxine (FT4) levels in both White and African American subjects. We also found that
rs11206244 genotype was associated with lifetime MD in White female subjects, in particular
those from high-risk cohorts. However, we found no association of current FT4 levels with
lifetime MD in either ethnic group. We conclude that genetic variation influencing thyroid
function is a risk factor for MD. Given the evidence from prior studies, further investigations of
role of HPT variation in etiology and treatment of MD are indicated.
INTRODUCTION
Major depression (MD) affects nearly 15% of the United States population and is one of the
largest socioeconomic burdens to industrialized economies (Greenberg and others 2003).
MD is a heterogenous disorder that results from a complex interplay of genetic and
environmental factors (Kendler and others 2003). In attempts to identify some of these
genetic factors, a large number of molecular studies of MD have been conducted (Lewis and
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others 2010; Muglia and others 2010; Rietschel and others). Despite some promising
findings, no common genetic variant has been unambiguously associated with MD.
Spurred by the well-established finding that altered thyroid function is often associated with
symptoms of MD (Jackson 1998) and using the rationale that the identification of
endophenotypes of MD may increase the likelihood of successfully identifying cryptic
vulnerability factors, a number of investigative teams have interrogated the relationship
between free thyroxine (FT4) or thyroid stimulating hormone (TSH) and MD in those
subjects without autoimmune thyroid disease. Although not uniform, some studies, in
particularly the larger studies, have produced strong evidence that increased FT4 levels are
associated with either current or lifetime MD (Das and others 2007; Forman-Hoffman and
Philibert 2006a; Philibert and others 2006; Williams and others 2009). Unfortunately, these
findings, though promising, have flaws which limit their generalizability and were not
genetically informed, thus missing a chance to explore whether genetic variation in the HPT
pathway moderated these associations with MD. This missed opportunity is particularly
significant because thyroid hormone augmentation is a commonly-used treatment for
refractory MD. Accordingly, by understanding the relationship of HPT variation to MD, we
could potentially better identify those individuals more or less likely to respond to thyroid
hormone supplementation.
This lack of information on the relationship between HPT axis function and MD may be
changing. Recently, at least three independent groups have conducted genome-wide studies
of either TSH or FT4 in non-hypothyroid function and identified twelve single nucleotide
polymorphisms (SNP) altering the serum levels of these critical hormones (Arnaud-Lopez
and others 2008; Hwang and others 2007; Panicker and others 2008). In this study, we
explore the relationships between MD, thyroid function, and these twelve SNPs using
clinical and biological material from three independent, ethically diverse populations that
are informative for both behavior and thyroid function. Specifically, we first test whether
these SNPs are associated with altered TSH or FT4 activity in our population. Next, we test
whether genotype at any of these SNPs whose biological effects on thyroid function are
validated in our populations also alter vulnerability to MD. Finally, we test whether FT4
levels are associated with lifetime depression.
METHODS
The data for this study was ascertained from three populations, the Iowa Adoption Studies
(IAS), the Family and Community Health Study (FACHS), and the Iowa Community
Corrections Studies (ICCS). All procedures conducted in this study were approved by the
University of Iowa, Iowa State University or the University of Georgia Institutional Review
Boards.
The clinical characteristics of the IAS, FACHS and ICCS have been described in detail
elsewhere (Cutrona and others 2005; Gunter and others 2009; Philibert 2006). But briefly,
the IAS is a case and control adoption study of the genetic (G), environmental (E) and gene-
environment interactions (GxE) in the etiology of common behavioral illness. Each of the
IAS subjects who participated in this study has been characterized in 5 waves since their
inception into the study. The clinical data for the current study is derived from interviews
with the Semi-Structured Assessment of the Genetics of Alcoholism, version II (SSAGA-II)
during the last two waves of the study (1999-2004 and 2004-2009) (Bucholz and others
1994). In addition, during the last wave phlebotomy was performed in order to provide DNA
and sera for the current study. The FACHS is a longitudinal study of the effect of
environmental stressors on physical and mental health outcomes in rural Georgia and Iowa
African American families. The clinical data for this study were derived from either the
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CIDI (Anthony and others 1985) or the SSAGA-II administered during this most recent
wave of the study (2007-2010). During the current wave of this study, phlebotomy was
performed to provide biomaterial for DNA and sera. In addition, a small number of subjects
declined phlebotomy but agreed to give a sample of saliva for DNA preparation. The ICCS
is a longitudinal study of factors leading to recidivism in probationers parolees, and DUI-
sentenced offenders from the 6th Judicial District in Iowa. The clinical and biological data
for this study were derived from SSAGA-II and phlebotomy performed during the last wave
of the interview.
DNA was prepared from whole blood or saliva as previously described. Determination of
TSH and FT4 levels for 1447 subjects was performed by the University of Iowa Clinical
Pathology Laboratories. However, secondary to the presence of autoimmune thyroid disease
or medications known to interfere with thyroid function (e.g. lithium or levothyroxine), the
values for 65 subjects were excluded from further analysis. Lifetime and current major
depression for all of the subjects were determined as previously described using DSM-IV
criteria (American Psychiatric Association 1994). Because of scheduling difficulties, the
CIDI interview for a large portion of the FACHS population was not coincident with their
phlebotomy. Therefore, these subjects were omitted from the current state analyses.
Genotyping of all DNA specimens was performed using Taqman® MGB assays (Applied
Biosystems, Foster City, USA) and a Fluidigm Biomark Genetic Analysis System
(Fluidigm, South San Francisco, CA). Approximately 10% of the samples were genotyped
in replicate to insure accuracy.
Haploblock analysis and linkage disequilibrium analyses were conducted using Haploview
(Barrett and others 2005). Data were analyzed using standard general linear model equations
using JMP Version 7 (SAS Institute, Cary, NC) and an additive model with respect to the
effects of genotype on thyroid function indices. Because TSH and FT4 values are not
normally distributed, consistent with our prior practices (Forman-Hoffman and Philibert
2006b), these values were log transformed prior to analysis. As thyroid function and
behavioral phenomenology differ between men and women, in keeping with our prior
practices all analyses were conducted by gender. In analyses that included more than one
cohort, results were controlled with respect to ethnicity and cohort using logistic regression.
All reported p-values are two tailed.
RESULTS
The demographic properties of the cohorts, and the rates or values of clinical variables for
each of the populations are described in Table I. As the Table describes, each of the
populations is unique. The IAS subjects (n=561) are mostly white, 55% female and early
middle aged. In contrast, the FACHS population (n=648) is largely African American,
mostly female but is also in their late 40's. Finally, ICCS (n=338) is mostly male, 75%
White but significantly younger than either the IAS or the FACHS participants (p<0.0001
for both the IAS and FACHS). Of significant note is the high rate of cigarette smoking in the
past year (89%) in the ICCS population.
The rates of lifetime and current MD also varied among the cohorts. Consistent with their
status as subjects from high risk populations, both males and females in the IAS and the
ICCS had significantly higher rates of lifetime and current MD than the national average
(~12% and 20%, respectively) (Kessler and others 2003). On the other hand, the FACHS
sample, which is not intentionally enriched for behavioral disorders, had lifetime rates of
depression more consistent with national norms.
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The FT4 and TSH levels in those 1388 subjects who were not on medications known to
interfere with thyroid function or having autoimmune thyroid disease are given in Table I. In
contrast to the prior findings with respect to total T4 values (Forman-Hoffman and Philibert
2006b; Hollowell and others 2002), in two of the three cohorts examined, males had
significantly higher FT4 levels than their female in the cohorts. Additionally, consistent with
the prior literature (Hollowell and others 2002), the TSH level of the largely African
American FACHS population was lower than that of subjects from the largely White, yet
age-equivalent IAS population. In contrast to results with prior larger epidemiological
studies (Hollowell and others 2002; Jorde and Sundsfjord 2006), neither smoking nor age
was significantly associated with FT4 or TSH levels although there was a trend for age to be
associated with TSH levels in the female subjects (p<0.10; results controlled for by ethnicity
and cohort).
Because prior studies, including two by our group, have shown that elevated FT4 levels are
associated with current MD, we next examined the relationship of current FT4 levels to
lifetime categorical MD in all three cohorts to ascertain whether any MD- associated
changes in FT4 levels are state or trait-dependent. Using data from all three cohorts, current
FT4 levels were not associated with a lifetime history of MD in women or men (p<0.99
(n=313) and p<0.49 (n=141), respectively. Current TSH levels were also not associated with
a lifetime history of MD in women or men (p<0.24, and p<0.23). These data and results
support the supposition that if there are FT4 or TSH changes associated with MD, these
changes are state-dependent. Unfortunately, current MD data are not available on FACHS
subjects and the number of subjects without significant, potentially-interfering medical co-
morbidities from the IAS and ICCS was insufficient to allow meaningful analysis of current
MD status with FT4 levels.
The nominal p-values for the analyses of the relationship of SNP genotype to FT4 levels by
cohort, gender and ethnicity is given in Table II. In general, the two SNPs chosen for their
prior association with FT4 levels, rs11206244 and rs2235544, both of which are found in
Deiodinase I, were significantly associated with FT4 levels overall, and separately, in
African American and White subjects, in this study. However, in the “White only” sub-
group, rs11206244 genotype was not significantly associated with FT4 levels (p<0.4). With
respect to the rs11206244 CT polymorphism, the T allele was associated with increased FT4
levels. With respect to the rs2235544 AC polymorphism, the A allele was associated with
increased FT4 levels. In contrast, the p-values of the SNPs chosen for their effect on TSH
values, did not have significant relationships to FT4 levels with the exception of rs2523189
which had a nominal p-value of p<0.02 for all female subjects combined.
The nominal p-values for the analyses of the relationship of SNP genotype to TSH levels by
cohort, gender and ethnicity is given in Table III. The frequency of the SNP, the type of
polymorphism and allele frequencies for each SNP are given in Supplemental Table I. In
contrast to the findings with respect to FT4, none of the SNPs chosen for their prior
associations with TSH levels, including those which had significant effects on FT4 levels,
were consistently associated with TSH levels in the current study. Therefore, these SNPs
were eliminated from further consideration in subsequent analyses.
Since the two of the three SNPs from DIO1 were significantly associated with FT4 function,
we next conducted linkage disequilibrium analysis of the locus using Haploview in order to
discern whether the reliable imputation of haplotypes would be possible. Figure 1 depicts
the linkage disequilibrium of the three SNPs in the African American and White subjects
while Supplemental Table II gives the haplotype frequencies in these two ethnic groups as
per Haploview. The two SNPs strongly associated with FT4 levels, rs11206244 and
rs2235544, were in tight linkage disequilibrium with each other in both African American
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and White subjects and with the T allele of rs11206244 being exclusively associated with
the A allele of rs2235544. In contrast, rs2294512, which was not associated with FT4 levels,
demonstrated less linkage disequilibrium with the other two DIO1 SNPs, thus not allowing
accurate imputation of haplotypes in the absence of other genetic information.
Finally, we examined the relationship of SNP genotype to lifetime MD. Because of the tight
linkage disequilibrium of the two SNPs, we focused on rs11206244 because it is found in
the 3’UTR of DIO1 and prior evidence suggests that this cSNP may be functional (Gereben
and others 2008; Panicker and others 2008). Briefly, using a logistic regression model
controlling for cohort, in White subjects, rs11206244 genotype is significantly associated
with lifetime MD in women (p<0.004), but not men (p<0.74). However, in African
American subjects, rs11206244 was not associated with MD in women (p<0.28) or men
(p<0.18).
CONCLUSION
In summary, we confirm prior reports that T allele of the DIO1 SNP rs11206244 is
associated with increased FT4 levels and show that this genotype is also associated with
lifetime MD in White female subjects from high risk cohorts. However, we did not find that
current FT4 levels are associated with lifetime history of MD. Limitations of the current
study include the diverse nature of the cohorts, the limited scope of the findings with respect
to MD, and we note that all p values reported are nominal.
The overarching aim of this study was to test whether genetic variation that affects thyroid
function also influences vulnerability to depression. As an initial step to establish a firm
biological basis for our study, we genotyped 12 SNPs, including two selected for their
association with FT4 (Panicker and others 2008) and 10 selected for their association with
TSH (Arnaud-Lopez and others 2008; Hwang and others 2007) in genome-wide analyses,
and examined their association with thyroid indices in our populations. The two SNPs
associated with FT4 levels, including the cSNP rs11206244, in prior studies were also
associated with FT4 levels in our population. These affirmative findings are gratifying
because DIO1, which is a critical gene in thyroid hormone production and is responsible for
the conversion of thyroxine to triiodothyronine (Gereben and others 2008), has strong face
validity as a candidate gene for MD given the broad literature supporting altered thyroid
hormone action in the etiology of MD, which includes large epidemiologic studies and
meta-analyses (Forman-Hoffman and Philibert 2006b; Williams and others 2009)
In this study, we focused on one of those two DIO1 variants, the rs11206244 polymorphism
for three reasons. First, because it is a cSNP found in the 3’UTR of DIO1, that has been
hypothesized to be functional in molecular analyses (Gereben and others 2008) presumably
by modifying the stability of the mRNA (Merritt and others 2008). Second, genotype at this
SNP has been associated with response to response to thyroid hormone augmentation
(Cooper-Kazaz and others 2009). Third, our genetic information was not sufficient to
reliably impute more exacting haplotypes. Nevertheless, the current findings confirm the
prior findings by two prior groups that the T allele of this polymorphism is associated with
increased FT4 but not TSH levels (Panicker and others 2008; Peeters and others 2003).
However, it should be noted that other polymorphisms, including the intronic rs2235544
polymorphism, are also in linkage disequilibrium with rs11206244 and that further studies to
determine the nature of the functional variant in this haploblock are indicated.
In contrast, none of the 10 SNPs associated with TSH levels in prior studies were
consistently associated with TSH levels in our populations. Because our clinical pathology
laboratory uses the same third-generation TSH assay that the prior studies used and our
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studies employed a sufficient number of subjects to detect the effect sizes reported in the
prior studies, it is unlikely that the failure to replicate the prior TSH findings results from
TSH measurement errors or lack of power. Instead, we note that the two prior genome-wide
studies of TSH used distinctly different population sets and did not replicate one another.
We suggest that the effect sizes associated with these 10 SNPs may be smaller than
previously anticipated and that more exacting analyses of our data set may reveal more
subtle relationships. However, the simple main effects are not significant in our subjects.
A critical question is why the association with depression is manifest only in the White
female subjects. The observation that review of the GAIN study of major depression data
available on the dbGaP website does not show a significant association for this SNP tends to
suggest that the current findings may be a false positive (Boomsma and others 2008).
However, the GAIN analyses are still largely underpowered and there are many other
possible explanations including that differing genotype frequencies or haplotype structure
between the two ethnic groups may obscure real effects. We believe that the reason for the
discrepancies between the various sets of results may be related to the high rate of stress in
the high-risk ICCS and IAS cohorts which allows differential biology to become manifest.
Both the stress diathesis (Moffitt and others 2005) and plasticity models (Belsky and Pluess
2009) postulate that the effects of genetic variants are only manifest in the presence of
stressors. It very well may be that the excessive amounts of stress and the lack of
psychosocial support present in these high- risk groups may allow otherwise silent genetic
vulnerability factors to become manifest as evidenced by their extremely high rates of MD.
Further gene-environment studies will be necessary to verify this point and to uncover
possible protective mechanisms are indicated.
If the current findings at rs11206244 with respect to lifetime MD are validated, it will be
important to understand the environmental conditions under which the effects are most
pronounced. For example, from a public health perspective, it will be important to know
whether dietary, psychosocial or chronological influences alter the effects of DIO1 genetic
variation. Likewise, from the medical point of view, because thyroid hormone augmentation
of antidepressant treatment is an important strategy in the treatment of refractory MD and
rs11206244 genotype is associated with response to this augmentation(Cooper-Kazaz and
others 2009), it will be important to know whether genotyping HPT axis variation may help
personalize treatment of MD.
In summary, we report that genotype at the DIO1 variant rs11206244 is associated with
lifetime MD in White demales in high risk cohorts. We suggest that further studies of
genetic variation in HPT axis genes in the etiology of MD are indicated.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Linkage disequilibrium and haplotype structure of DIO1 in African-American (right) and
White (left) subjects. Disequilibrium is expressed as D’.
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Table I
Clinical and Demographic Characteristics of the Study Populations
IAS FACHS ICCS
Male 259 165 220
Female 312 483 118
Age
    Male 46 ± 8 49 ± 9 34 ± 10
    Female 45 ± 7 47 ± 8 31 ± 9
African American 14 620 71
White 535 27 253
Hispanic 14 1 5
American Indian 2 0 4
Asian 0 0 1
Unknown/other 6 0 4
Lifetime MD
    Male 71 (27%) 13 (8%) 74 (34%)
    Female 155 (50%) 139 (29%) 65 (55%)
Current MD
    Male 9 (3%) NA 15 (7%)
    Female 17 (5%) NA 15 (13%)
Smoking in the Past Year 33% 33% 89%
TSH*
    Male 2.24 ± 1.19 (n=221) 1.67 ± 0.87 (n=157) 1.70 ± 1.07 (n=202)
    Female 2.10 ± 1.30 (n=247)1 1.57 ± 1.14 (n=458) 1.59 ± 1.10 (n=104)
FT4*
    Male 1.19 ± 0.17 (n=219)2 1.18 ± 0.19 (n=157) 1.18 ± 0.19 (n=203)2
    Female 1.15 ± 0.17 (n=246) 1.16 ± 0.18 (n=459) 1.10 ± 0.15 (n=105)3
*
Does not include subjects excluded from the final analyses for medical reasons
1
Differs from that of ICCS and FACHS subjects at p<0.01.
2
Differs from that of the female subjects in the cohort at p<0.01
3
Differs from that of IAS and FACHS male subjects at p<0.05
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